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The properties of quantum materials are commonly tuned using experimental variables 
such as pressure, magnetic field and doping. Here we explore a different approach: 
irreversible, plastic deformation of single crystals. We show for the archetypal 
unconventional superconductor SrTiO3 that compressive plastic deformation induces low-
dimensional superconductivity significantly above the superconducting transition 
temperature (Tc) of undeformed samples. We furthermore present evidence for unusual 
normal-state transport behaviour that suggests superconducting correlations at 
temperatures two orders of magnitude above the bulk Tc. The superconductivity 
enhancement is correlated with the appearance of structural features related to self-
organized dislocation structures, as revealed by diffuse neutron and X-ray scattering. 
These results suggest that deformed SrTiO3 is a potential high-temperature 
superconductor, and push the limits of superconductivity in this low-density electronic 
system. More broadly, we demonstrate the promise of plastic deformation and dislocation 
engineering as tools to manipulate electronic properties of quantum materials.  
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Introduction. The application of reversible, elastic uniaxial strain has recently emerged as a 
powerful means to study and manipulate quantum materials1-3. The effects of uniaxial stress 
beyond the elastic regime, however, are scarcely studied in single-crystalline materials, with 
notable exceptions in the field of geophysics4. The resultant plastic deformation fundamentally 
differs from elastic strain, as it creates extended defects – dislocations – and induces their self-
organization into structures spanning many length scales5, potentially leading to new emergent 
phenomena. Since the local atomic arrangement is very different in dislocation cores than in the 
bulk, the electronic properties around individual dislocations have been found to be significantly 
modified in a diverse set of quantum materials6-8. Such effects are expected to be strongly 
amplified when dislocations assemble into larger structures9, yet this is experimentally virtually 
unexplored. 
Here we use electron-doped strontium titanate, SrTiO3 (STO) – one of the most well-known 
unconventional superconductors – as a model system to study the effects of significant plastic 
deformation on electronic properties. We show that the superconductivity of STO can be 
considerably enhanced, and that self-organized dislocation structures indeed play a crucial role. 
STO is a prototypical cubic perovskite, extensively used as a substrate for epitaxial growth; 
superconductivity in STO was discovered more than five decades ago10, yet is still actively 
debated11,12. Remarkably, this macroscopic quantum phenomenon prevails at extremely low 
charge-carrier densities in STO, and appears in a dome-shaped region of the temperature-doping 
phase diagram, reminiscent of other unconventional superconductors. STO also shares common 
structural features with other superconducting materials of high interest, including bismuthates, 
ruthenates, and high-Tc cuprates
13. Electron-phonon coupling is strong in STO14, but due to the 
small Fermi energy, the material exists in the unusual regime where most phonon branches lie 
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near or above the Fermi energy. This renders the usual treatment of electron-phonon interactions 
and electronic Cooper-pairing invalid and has led to the development of diverse theoretical 
approaches12. Notably, the microscopic mechanism that causes superconductivity in STO 
remains unknown, and is thus one of the longest-standing questions in materials physics.  
Perhaps less well-known is that STO also has remarkable mechanical properties for a ceramic 
material. Single crystals can in fact be plastically deformed to a very high degree in compression, 
without macroscopic cracking, even at ambient temperature15. This makes STO very convenient 
for plastic deformation studies, since it is not necessary to perform the deformation at high 
temperatures. Although the microscopic origins of the extended plastic regime in STO are still 
debated16, it is known that plastic deformation occurs via the creation, dissociation and glide of 
dislocations in {110} planes of the cubic structure15,16. At elevated stress levels, these 
dislocations coalesce into bundles, which leads to work hardening15. The typical compressive 
engineering stress-strain diagram of a Nb-doped STO single crystal in Fig. 1a clearly shows the 
extended deformation regime and work hardening at high stress. We find that atomic substitution 
(at least at the low levels relevant to electronic doping) does not significantly influence ductility. 
STO therefore provides an ideal opportunity to investigate the effects of extensive plastic 
deformation on the electronic subsystem of a quantum material. Since most materials can be 
plastically deformed at sufficiently elevated temperatures, the insights gained with STO should 
be relevant for a wide range of material systems.  
Structure of plastically deformed STO. Using specially designed uniaxial pressure cells (Fig. 
1b), we have been able to routinely deform STO crystals up to engineering strains (ε) of 7% in 
compression at 300 K. Macroscopically, deformation induces streaks at the surface of the 
crystals, perpendicular to the stress direction (Fig. S1), indicating a highly inhomogeneous stress 
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distribution on the 1-10 μm scale. In order to further investigate the structural effects of 
deformation, we performed neutron and X-ray diffuse scattering measurements on several 
samples. As expected, undeformed samples show sharp Bragg peaks (Fig. S2), and the most 
dramatic effect of the deformation is a pronounced azimuthal elongation of the Bragg peaks in a 
plane perpendicular to the surface streaks (Fig. 2a), whereas the Bragg peaks remain fairly sharp 
in other planes (Fig. 2b).  Similar features, known as asterisms, have long been observed in 
deformed metals17 and are most likely due to rotations of mesoscopic, relatively defect-poor 
crystalline regions that are bounded by dislocation structures,18,19 as illustrated in Fig. 2c. The 
asterisms thus show that dislocations are not homogeneously distributed in the material at the 
nanoscale, but rather form bunches with nearly undeformed regions in between. Importantly, the 
asterisms only appear above ~0.5% deformation (Fig. S3), with little associated change in 
dislocation density (Fig. 2d). This implies that asterisms arise due to a rearrangement of 
dislocations with increasing stress levels, while leaving the dislocation density mostly 
unaffected. The deformation does not considerably influence the low-temperature tetragonal 
structure20, at least far from the structural transition temperature of 105 K. The usual 
superstructure peaks corresponding to the tetragonal lattice are observed at low temperatures, 
and also exhibit asterisms. 
Away from the Bragg peaks, intricate diffuse scattering features are observed that are not present 
in the undeformed sample (Fig. 3). We emphasize two features: first, two roughly cross-like 
diffuse patterns are observed around the 200 Bragg peaks, radiating out of the asterism endpoints 
(Figs. 2a, S4). The orientation of the streaks is consistent with the presence of {110} glide 
planes, and their small width and apparent grainy substructure indicates long-range dislocation 
correlations, reminiscent of diffuse scattering from partially ordered misfit dislocations in 
 5 
heterostructures21. However, more detailed modelling is needed to fully understand the structure 
of this scattering. Second, the scattering in higher zones is more diffuse, and shows a significant 
radial asymmetry (Fig. 3d,e). The Bragg peaks are asymmetrically broadened on the low-H side, 
suggesting that long-range tensile strain is present in the dislocation-poor regions. In addition, a 
weak, broad diffuse signal is observed, with more weight on the high-H side, consistent with 
significant compressive strain in the dislocation structures. Similar behaviour has been observed 
in, e.g., compressively deformed Cu by micro-X-ray scattering22. In STO, the local strains are 
important for electronic properties, as illustrated by strain-induced ferroelectricity in undoped 
STO3,23. Recent piezo-force-microscopy and nonlinear optical investigations indeed show that 
individual dislocation structures have local polarization8,24, while the polar displacements are not 
significantly affected by electron doping25. Furthermore, modeling suggests that local electric 
polarization is enhanced in extended dislocation structures9. This is in agreement with the 
signatures of lowered structural symmetry and prominent lattice displacements in our diffuse 
scattering measurements on deformed samples, which are absent in undeformed crystals despite 
a comparable dislocation density. 
Enhancement of superconductivity. Figure 4 shows low-temperature resistivity and magnetic 
susceptibility results for several deformation and Nb doping levels. A strongly anisotropic 
superconducting state appears in deformed samples, with typical midpoint transition 
temperatures of 0.6-0.7 K, considerably higher than the optimal resistive Tc in undeformed Nb-
doped bulk STO11,12,26 (Fig. 4a). For a sample with 0.2% Nb, for example (Fig. 4b), the Hall 
electron density is about 3·1019 cm-3 and the bulk Tc in the absence of deformation is below 0.35 
K (Fig. 4d); the 6% deformation here thus induces an enhancement of roughly a factor of two 
(Fig. 4a,b,d). The resistive transition is first observed in the resistance perpendicular to the stress 
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(R | ), whereas in the parallel direction, the resistance (R||) first increases before decreasing again 
on cooling (Fig. 4b,c,d). Similar resistivity peaks have recently been observed around the bulk Tc 
in doped STO films upon application of magnetic fields27. This behaviour is, in fact, expected for 
an inhomogeneous superconductor in which some regions become superconducting before 
others, given that resistances are measured here in a van der Pauw geometry28. The transition 
temperature is, however, always higher in R | , suggestive of low-dimensional superconductivity 
along dislocation structures. In some samples two or three distinct resistivity steps can be 
discerned (e.g., Fig. 4c). This can again be ascribed to inhomogeneous superconductivity, where 
the phase with the highest Tc does not percolate. In samples with 0.2% Nb doping, of which we 
studied several deformation levels (Fig. 4d), the appearance of superconductivity enhancement 
roughly correlates with the appearance of asterisms in diffuse scattering. This suggests that self-
organized dislocation structures play a major role in the Tc enhancement. The decrease in the 
perpendicular resistivity channel also matches well with signatures in the diamagnetic response 
in ac susceptibility, and with the onset of nonzero nonlinear susceptibility (Fig. 4e), leaving no 
doubt that this is a superconducting transition. We also measured several deformed samples that 
were oxygen-vacancy doped (OVD), with Hall electron concentrations up to 1019 cm-3. No 
resistive transition was detected down to 360 mK. 
In addition to the clear enhancement of superconductivity below 1 K, deformed STO samples 
also show intriguing transport and magnetic properties at much higher temperatures. First, we 
note that a small diamagnetic response is present in the ac susceptibility at temperatures well 
above the resistivity Tc onset (Fig. 4e). Furthermore, around 30 K a resistivity anisotropy 
develops, and the resistivity in the perpendicular channel falls below the robust normal-state T2 
dependence characteristic of undeformed samples29. This effect is observed in both OVD and 
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Nb-doped samples (Fig. 5a,b), but is more pronounced in OVD crystals with low electron 
densities. There, we observe a resistivity anisotropy of two orders of magnitude (Fig. 5a, S5), 
with R |  falling roughly one order of magnitude below R0, the resistivity of undeformed samples; 
the difference is even larger if we take into account the increase of normal-state residual 
resistivity due to deformation (Fig. S5). Interestingly, the normal-state T2 dependence extends to 
higher temperatures in R |  than in either R|| or R0 (Fig. S5). We see no significant dependence of 
the resistivity downturn on the type of dopant, since the downturns appear similar in OVD and 
Nb-doped samples with comparable carrier densities (Fig. S6). Along with the resistivity 
decrease, we find significant nonlinear resistivity in the same temperature range, as well as 
nonlinear current-voltage characteristics at low temperatures (Fig. 5c). Most likely, these effects 
do not result from sample heating: the sample resistance is below 10 mΩ at the relevant 
temperatures, which leads to a heating power of less than 1 μW even at the highest applied 
currents. More importantly, we employed a high-frequency current for the measurement of third-
order nonlinear response, to eliminate sample temperature changes within one current oscillation. 
Above deformation levels of ε ~ 1%, not much dependence of the resistivity downturns on 
deformation is found, as shown for 0.2% Nb-doped samples in Fig. 5d. It is not straightforward 
to disentangle the deformation-induced decrease at low temperatures from the increase of 
residual resistivity due to higher dislocation densities, but in some of the Nb-doped samples we 
also observe residual resistivities lower than in undeformed crystals. Notably, the increase of the 
residual resistivities extrapolated from simple T2 behaviour is consistent with a factor of ~2 
increase of dislocation density between 0% and 1% deformation, observed in a recent X-ray 
rocking curve study30. The levelling-off above 1% deformation is also in line with diffuse X-ray 
scattering (Fig. 2d), where only a modest change is observed between 0.5% and 3% deformation. 
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In samples with 0.2% Nb, the application of a magnetic field increases the low-temperature 
resistivity much more than expected from previously established magnetoresistance values26,31 
(Fig. S7). This is expected for a material with inhomogeneous superconducting regions, although 
a similar effect could occur if the resistivity is inhomogeneous, but nonzero everywhere, due to 
current-path modifications. Importantly, the Hall number shows no notable temperature 
dependence and is roughly consistent with the carrier density expected from the Nb 
concentration26,31 (Fig. S8). We also find no appreciable change in the coefficient of the T2 
resistivity after deformation, which further confirms that the carrier density remains unchanged. 
The linear and nonlinear resistivity measurements suggest that superconducting correlations 
appear in deformed STO at temperatures as high as 30 K. We attempted to search for a 
corresponding diamagnetic signal, which did not yield conclusive results. The main issue is the 
presence of weak defect-induced magnetism32 in both deformed and undeformed samples, which 
leads to magnetic hysteresis and makes the detection of a possible small superposed diamagnetic 
signal challenging. Yet, if the superconductivity is low-dimensional – as might be inferred from 
the strong resistance anisotropy and high critical field scale – no appreciable diamagnetic 
shielding would be expected33. Strikingly, the onset temperature of ~30 K is of the same order as 
the Fermi energy in the OVD samples26,29. We note, however, that the emergence of high-
temperature superconducting correlations is not the only possible explanation for the observed 
behaviour. The resistivity decrease could be caused by increased shielding of point defects 
within regions of large dislocation densities, a strain-induced hardening of phonon modes, or the 
formation and collective motion of a low-dimensional ordered state (such as a charge-density 
wave) on dislocation bundles. We also note that undoped STO enters the quantum paraelectric 
regime11 between 30 and 40 K, which could influence transport and magnetic properties in the 
 9 
presence of dislocation structures. On the other hand, possible signatures of superconductivity at 
about 5 K were previously observed in undoped STO subjected to dielectric breakdown34, which 
might induce defects somewhat similar to plastic deformation. Further experiments are needed to 
firmly establish the presence of high-Tc superconductivity – we would expect pseudogap-like 
effects in the electronic density of states, and the presence of microscopic regions with zero 
resistance, for example.  
Discussion. Our work shows that plastic-deformation-induced dislocation structures enhance 
superconductivity in STO. This has wide-ranging implications for both the superconducting 
pairing mechanism in STO and similar materials, as well as for diverse material systems where 
plastic deformation could be used to tune local electronic ordering. Superconducting pairing in 
STO has been attributed to electron-phonon interactions12,35,36, plasmons37, ferroelectric quantum 
critical fluctuations25,38, local modes39, and oxygen-vacancy negative-U centres40. All of these 
might be strongly affected by plastic deformation, at least close to the dislocation structures. 
Even for undeformed STO it was recently found that intrinsic structural inhomogeneity 
influences superconducting correlations41, and scanning SQUID experiments show significant Tc 
inhomogeneity42. Structural domain walls may be important for these effects, and are possibly 
involved in pairing12,43; it is a distinct possibility that plastic deformation rearranges such domain 
walls (although we do not see clear evidence for that in diffuse scattering). We also note that 
there is precedent for pairing at domain walls33 in WO3. On the other hand, it is possible that 
stress-induced motion and bunching of dislocations creates large regions that have a lower 
dislocation density than before deformation; if dislocations are detrimental to superconductivity, 
this would lead to a Tc increase. However, the dislocation structures are most likely ferroelectric, 
and this could play a significant role, as also suggested by previous investigations of strain 
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effects on bulk and film superconductivity3,44. The lower structural symmetry close to dislocation 
structures would allow a coupling of electrons to phonons (and possibly local dislocation 
modes45) that is forbidden in the bulk due to high symmetry. Such polar defects are an essential 
ingredient in a recent local-mode theory39, and this might be relevant to deformed STO, even if it 
is not important for the undeformed material. Experiments to study local modes and 
modifications of the phonon spectrum in deformed STO and related cubic perovskites will thus 
be of great interest. Since deformation also increases the temperature range in which Fermi-
liquid-like normal-state resistivity is found, more detailed studies could help unravel the physics 
behind this puzzling phenomenon as well29,46. Most importantly, we show that self-organized 
dislocation structures are essential for Tc enhancement, suggesting that large-scale dislocation 
engineering in oxide films and heterostructures is a promising route to optimize their 
superconducting properties.  
More broadly, it is plausible that similar dramatic superconductivity enhancement is possible in 
other quantum materials. This includes systems that are close to a ferroelectric instability, such 
as PbTe47 and KTaO3 
48,49, as well as other nearly cubic perovskites like the high-Tc barium 
bismuthates50. Cuprate high-Tc superconductors also share important structural and 
superconducting features with STO41, and dislocation engineering could thus be an interesting 
and route to enhance cuprate superconductivity. Other electronic ordering tendencies are strongly 
influenced by dislocations as well; e.g. ferromagnetic dislocations have been found6 in 
antiferromagnetic NiO, and multiferroicity has been predicted7 for dislocations in ferroelectric 
PbTiO3. We demonstrate here that the effect of dislocations on electronic properties is strongly 
amplified by their stress-induced organization into larger structures.  Dislocation engineering by 
plastic deformation could therefore lead to a broad range of novel functional materials. 
 11 
 
Methods 
 
Samples. Single crystals of undoped and Nb-doped STO were sourced commercially and 
polished to high precision for uniaxial-pressure experiments. Oxygen-vacancy doping (OVD) of 
Nb-free STO was achieved through annealing in high vacuum with a titanium getter at 800°C for 
2 h. Samples for transport measurements were 0.5 mm thick and typically ~1-2 mm laterally, 
while the neutron scattering samples were 1 mm thick and 5-6 mm laterally. 
Uniaxial pressure. Two different custom-built uniaxial pressure cells were used to deform STO 
single crystals for transport, magnetometry and neutron scattering measurements. Both cells use 
the same operating principle: the force on the sample is supplied by the piston of a pneumatic 
cylinder, and the sample deformation is measured using a linear variable transformer (i.e., a set 
of two coaxial coils). Such a cell design is scalable and enables the application of very high 
forces, while stress-strain diagrams can be easily measured, since the displacement is determined 
independently. The pressure cell used for smaller samples has a maximum force of 350 N and 
uses two coaxial sapphire rods as anvils for sample compression. Our large sample cell has a 
maximum force of 5000 N, and sintered carbide plates are used as anvils. Both systems are 
operated with the same high-precision pressure regulator, with a highest operating gas pressure 
of 10 bar. 
Diffuse neutron scattering. These experiments were performed on Beamline 9 CORELLI51 of the 
Spallation Neutron Source at Oak Ridge National Laboratory, USA, in a closed-cycle 
refrigerator with a base temperature of 6 K. The sample masses were ~300 mg, with counting 
times of 9 h per temperature. The Mantid program package was used for data reduction, 
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including Lorentz and spectral corrections52. Several crystals with different deformation levels 
were annealed ex situ in vacuum under the same conditions.  
Diffuse X-ray scattering. The experiments were performed on Beamline 6ID-D of the Advanced 
Photon Source, Argonne National Laboratory, USA. The beamline employs a superconducting 
magnet undulator and double-crystal monochromator to produce a high-energy monochromatic 
X-ray beam. For our experiments, the X-ray energy was 87 keV. A Pilatus 2M CdTe detector, 
whose sensor layer is optimized for high energies, was used to collect frames at 0.1 s exposure 
while samples were continuously rotated at 1°/s around a horizontal axis. Three sets of rotations 
were performed in each measurement between which (a) the detector was translated by 5mm in 
both the horizontal and vertical directions in order to cover gaps in the scattering between 
detector chips, and (b) the sample rotation axis was offset by ±15° from perpendicular to the 
beam in order to allow artifacts caused by scattering in the detector sensor layer to be masked. 
The counting time at each temperature setting was 20 minutes. See the Supplementary 
Information in [53] for more details. The data, which were transformed to S(Q) using the 
software package CCTW (https://sourceforge.net/projects/cctw/), covered a range of ~±15 Å−1 in 
all directions. Data were collected down to 30 K, using an Oxford N-Helix helium cryocooler. 
Transport and magnetization measurements. For low-temperature measurements we used a 
home-built 3He evaporation refrigerator with external gas handling. AC susceptibility was 
measured with the sample mounted in a conventional three-coil system, using a lock-in amplifier 
both to provide the excitation current and to measure the induced voltages. We typically used 
excitation field amplitudes of ~1 Oe, frequencies of ~2 kHz, and a transformer preamplifier. 
Third-order magnetization was measured by detecting the induced voltage at the third harmonic 
of the fundamental excitation frequency, similar to previous work41. Transport measurements 
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were performed using a high-throughput dipstick probe that was directly inserted into the 3He 
pot. We used a van der Pauw contact geometry, ac excitation currents of 1 mA RMS at 13.4 Hz, 
and lock-in detection with a low-noise bipolar preamplifier. For transport measurements above 2 
K, we used a Quantum Design Inc. MPMS system with a home-built ac resistivity probe 
employing a balanced source and lock-in amplifier, and a Quantum Design Inc. PPMS, where dc 
currents (and current reversal) were used. Currents were typically between 1 mA and 10 mA, 
with higher currents used for samples with lower resistances. Contacts were made by wire-
bonding aluminum or gold wires to sputtered gold pads on the samples, or by bonding Al wire 
directly to the sample surface. Contact resistances were typically a few Ohms at ambient 
temperature, and no nonlinearities were seen in our temperature and current range (except the 
intrinsic low-temperature effects, Fig. 4c). For measurements of the third-order nonlinear 
response in OVD samples, we employed a current of 2 mA RMS at 827 Hz. Voltage was 
detected at the third-harmonic frequency of the fundamental, and the phase was adjusted to three 
times the first harmonic phase to obtain correct separation of real and imaginary parts54. With 
this procedure, the imaginary part was negligible over the entire temperature range, as expected 
for nonlinear resistance. The Hall voltage was measured with a Hall bar contact configuration 
using the 7 T MPMS and 9 T PPMS magnets, with field and current reversal (and ac current in 
the MPMS). From the dependence of the Hall voltage on thickness and contact placement/size, 
we estimate that the corrections due to geometry and contact shorting are below 20%.  
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Fig. 1 | Plastic deformation of doped strontium titanate.  (a) Representative engineering 
stress-strain curve for a 0.2% Nb-doped STO crystal at 300 K, with compressive uniaxial 
pressure along one of the cubic principal axes. +The straight orange lines indicate the elastic 
regime with Young’s modulus ~270 GPa. An extended plastic region is seen, with work 
hardening at high strain. The result is similar to undoped STO15. (b) Schematic of the high-force 
uniaxial pressure cell, which uses a piston and controlled gas pressure to apply uniaxial stress on 
a polished sample. A linear variable transformer (LVT) is used for independent measurement of 
sample deformation.  
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Fig. 2 | Structure of plastically deformed STO. (a),(b) Diffuse neutron scattering for an 
oxygen-vacancy-doped (OVD) STO sample with compressive deformation (engineering strain) ε 
= 4.2%, at 10 K. The sample was deformed ex situ at 300 K, with the stress along [010]. The 
HK0 plane, (a), which contains the stress direction, displays prominent Bragg-peak elongations 
(asterisms). In contrast, the Bragg peaks remain sharp in other planes, as exemplified in (b). Note 
that the usual superstructure peaks at half-integer positions are observed below the cubic-to-
tetragonal phase transition of ~100 K, and that they also show asterisms whose intersections with 
the H0L plane are visible in higher zones in (b). (c) Simplified cross-section schematic of a 
plastically deformed crystal with {110} slip planes that would result in asterisms and surface 
steps. The blue and red regions are homogeneously tilted by +2° and -2°, respectively, and the 
green lines represent dislocation structures (walls) with high dislocation density and local strain. 
In a real material, there is a distribution of tilts and sizes of the regions. (d) Comparison of 
diffuse X-ray scattering profilesaround the 006 Bragg peak for 0.2% Nb samples with ε = 0.5% 
and 3%, at 30 K. The stress is along [010], leading to symmetric scattering profiles around the 
006 peak regardless of deformation. The ε = 0.5% sample does not show asterisms, while the ε = 
3% sample does (Fig. S2). Yet, the scattering appears remarkably similar, and is likely 
dominated by dislocations30. This suggests that the dislocation density does not significantly 
change with increasing strain above ε = 0.5%. 
  
 17 
 
Fig. 3 | Local structure of deformed STO from diffuse neutron scattering. (a) Diffuse 
neutron scattering around the 200 Bragg peak of an OVD sample with ε = 0%, and (b) with ε = 
4.2% (same sample as in Fig. 2a,b). The faint rings are background scattering from the sample 
holder. The deformed sample shows two sets of asymmetric cross-like features (dashed boxes). 
Each set has a lower symmetry than the parent crystal, since the horizontal mirror planes are 
absent. The same scattering is shown in Fig. S3 without the boxes, along with other Brillouin 
zones. (c),(d) Diffuse scattering around the 600 Bragg peak for the undeformed and deformed 
sample, respectively. The diffuse scattering in the deformed sample shows marked asymmetry: 
the Bragg peaks are broadened toward smaller H, indicating the presence of long-range tensile 
stress in the dislocation-poor regions, while a low diffuse intensity is seen at higher H, consistent 
with compressive stress close to the dislocation structures. (e) Integrated intensity through the 
600 Bragg peak of the sample in (d) (integration within the dotted box; green circles), compared 
to the undeformed sample in (c) (red circles). Lines are guides to the eye. Both the Bragg peak 
and diffuse scattering asymmetries are seen in the deformed sample.   
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Fig. 4 | Low-temperature superconducting properties of plastically deformed STO. (a) 
Superconducting phase diagram of undeformed STO, showing the midpoints of resistive 
transitions for OVD (brown line) and Nb-doped (grey line) samples, based on [26]. Vertical 
lines: doping levels at which additional bands cross the Fermi level26. Stars: midpoints of the 
resistive transitions in the channel perpendicular to the stress direction (R |  , see sketch), with two 
transitions observed for 1% Nb and ε = 2%; colours correspond to those in (b-d) and indicate the 
deformation level. (b) Resistance for 0.2% Nb and ε = 6%, measured parallel and perpendicular 
to the stress direction, normalized to the respective value (Rn) at 0.8 K. The bulk Tc of 
undeformed STO at this doping level is about11 0.3 K, below the base temperature of our 3He 
refrigerator. (c) Same measurement as in (b) for 1% Nb and ε = 2%. (d) Resistance in the 
perpendicular channel for 0.2% Nb samples in dependence on deformation. (e) Magnetic 
measurements of 0.2% Nb samples. Main panel: linear ac susceptibility at two deformation 
levels. The onset of significant diamagnetism corresponds to the resistivity downturn 
temperatures, and there is a small diamagnetic contribution at even higher temperatures. The 
feature around 1.2 K is due to aluminium foil in the coil holder. Inset: third-order nonlinear 
susceptibility χ3 shows an onset temperature similar to that seen in the resistivity. 
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Fig. 5 | Evidence for high-temperature superconducting correlations in plastically 
deformed STO. (a) Resistivity of an OVD sample, with carrier density ~ 4·1017 cm-3 and ε = 
6%, measured parallel and perpendicular to deformation, normalized to values at 40 K. A 
dramatic anisotropy develops below ~30 K, similar to the superconducting behaviour in Fig. 4, 
and R |  falls roughly an order of magnitude below the resistance of an undeformed sample (R0, 
dashed line). Inset: ratio of measured ρ |  to extrapolated normal-state resistivity ρn = ρ0 + a2 T2, 
as observed for an undeformed OVD sample, an OVD sample with ε = 6%, and a sample with 
0.2% Nb and ε = 5.5%. (b) R | and R|| for 0.2% Nb and ε = 6%: a significant anisotropy already 
develops at temperatures much higher than the resistive Tc. (c) Third-order nonlinear response of 
an OVD sample with ε = 6% (same as in (a)), plotted as the ratio between third-harmonic and 
first-harmonic voltage. The measurement was performed at 827 Hz, eliminating sample 
temperature changes during one current oscillation period and ruling out sample heating as a 
source of nonlinearity. Inset: effective resistance (voltage-to-current ratio), normalized to the 
low-current values, in dependence on applied current for the same sample. A strong nonlinearity 
develops at low temperatures, consistent with the third-harmonic measurement. (d) Inverse 
residual resistivity ratios (RRR-1) defined as R | (5 K)/R | (90 K) for samples with 0.2% Nb, in 
dependence on deformation. Measured RRR-1 values are open squares, and values corresponding 
to ρ0 are circles. All samples were cut from the same crystal before deformation.  
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Fig. S1 | Stress-induced surface deformation. Photograph of the surface of a Nb-doped sample 
deformed to 7% in compression (the applied force direction is horizontal and along [001]), 
showing lines/ridges in a direction perpendicular to the stress. The incident angle of the light is 
roughly 45° with respect to the surface, and the scale bar is 100 μm. 
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Fig. S2 | Neutron scattering in undeformed STO. Reciprocal space map of an OVD 
undeformed STO single crystal, with L = 0, analogous to Fig. 2a. Sharp Bragg peaks and a slight 
mosaicity (visible in high Brillouin zones) are observed. 
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Fig. S3 | Diffuse X-ray scattering in deformed STO. Diffuse X-ray scattering at 30 K for 
samples with 0.2% Nb and (a) ε = 0.5% and (b) ε = 3%. The HK6 plane is shown, and the white 
box in (a) marks the integration region used to obtain Fig. 2d. The black areas are masked 
detector artifacts (see Methods). Strong asterisms similar to the OVD sample with ε = 4.2% (Fig. 
2a) are observed for the sample with high deformation in (b), while the sample with low 
deformation shows almost no asterisms.  
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Fig. S4 | Diffuse neutron scattering in deformed STO. Bragg peaks and diffuse scattering in 
an OVD sample with ε = 4.2% (same as in Fig. 3), in different Brillouin zones near the: (a) 040 
Bragg peak, (b) 020 Bragg peak, (c) 220 Bragg peak, (d) -200 Bragg peak, (e) reciprocal space 
origin, and (f) 220 Bragg peak (same as Fig. 3b). Cross-like patterns (highlighted in Fig. 3b) are 
most clearly seen in (d) and (f), with additional horizontal lines through the centres of the 
asterisms; the 220 zone shows diagonal streaks, while secondary diffuse peaks are visible in the 
higher-order 040 zone. The streaks around the origin in (e) are most likely from double Bragg 
scattering, but could include other contributions from long-range correlated dislocation structure. 
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Fig. S5 | Comparison of the resistivity of deformed and undeformed OVD samples. The full 
green line is the resistivity perpendicular to the stress in a 4.2% deformed crystal, normalized to 
the value at 40 K; the grey dashed line is the resistivity of an undeformed crystal annealed under 
the same conditions and normalized in the same way. A more meaningful comparison is obtained 
if we account for the fact that the residual resistivity at T = 0 increases with deformation (grey 
full line). To do this, we shift the undeformed sample resistivity up by a constant offset and 
subsequently normalize to the value at 40 K, so as to match the slopes of the T2 dependences in 
the two samples. In this way, the extrapolated normal-state resistivities overlap.   
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Fig. S6 | Resistivity downturns in deformed STO in dependence on doping. Normalized 
perpendicular resistances of two oxygen-vacancy-doped samples ((a) and (b)) and a sample with 
0.2% Nb (c) plotted versus T2. All samples are deformed to 6% in compression. A clear 
downward deviation in the resistance develops below the temperatures marked by arrows. 
Carrier densities are from Hall number measurements at 50 K. The samples in (b) and (c) have 
similar carrier densities, which indicates that the effect does not substantially depend on the type 
of dopant. 
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Fig. S7 | Magnetic field effect on the perpendicular resistance. (a) OVD sample, ε = 4.2%, 
and (b) 0.2% Nb sample, ε = 2%. Due to the low carrier concentration, the OVD sample has a 
large positive normal-state magnetoresistance, which enhances the relative resistivity decrease 
on cooling; the resistance still reaches very low values in a 7 T field. For the Nb-doped sample, 
the expected low-temperature magnetoresistance is ~20% at this doping level and field16,20, 
whereas the observed value is roughly 100%. The dashed line is an extrapolation of the high-
temperature T2 behavior. The magnetic field is applied parallel to the shortest sample axis 
(perpendicular to both the stress and current directions).  
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Fig. S8. Carrier density in deformed STO samples. Electron density derived from Hall effect 
measurements in a 9 T field, for samples with 0.2% Nb, ε = 2% (blue symbols) and 1.4% Nb, ε = 
2% (green symbols). There is no significant temperature dependence in either the direction 
parallel or perpendicular to stress. The density for the 0.2% Nb sample is about 0.7 times the 
expected density if every Nb dopant is substitutional and ionized. This difference is most likely 
due to acceptor impurities, and it is consistent with previous measurements on similar samples20. 
The density for the 1.4% Nb sample is slightly higher than expected, which could be related to 
current contact size corrections in Hall voltage measurements. 
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